A cute kidney injury is common among hospitalized patients and associated with poor long-term outcomes. 1, 2 Several studies between 2008 to 2017 have demonstrated that although acute kidney injury is usually reversible, some patients may experience incomplete recovery of kidney function, while others subsequently develop accelerated loss of kidney function, resulting in an increased risk of chronic kidney disease. [1] [2] [3] Current clinical practice guidelines recommend that patients be followed-up within 3 months to assess whether they have developed chronic kidney disease and when identified undergo treatment according to current guidelines. 4 Despite these recommendations, many patients with acute kidney injury do not receive a follow-up assessment, nor do they receive appropriate care when kidney function has not recovered, 5, 6 resulting in lost opportunities to intervene and potentially improve long-term outcomes. 7 However, because not all patients who survive acute kidney injury progress to chronic kidney disease, [1] [2] [3] 7 follow-up of all patients hospitalized with acute kidney injury could lead to unnecessary use of clinical resources. Identifying and screening patients at high risk of developing advanced chronic kidney disease could improve outcomes for patients following acute kidney injury. 8, 9 We used population-based laboratory and administrative data from 2 provinces in Canada to derive and validate risk prediction models for advanced chronic kidney disease following hospitalization with acute kidney injury. Our objective was to develop a practical risk stratification approach that could be used to identify patients at high risk of chronic kidney disease after they are discharged.
Methods
We followed the TRIPOD 10 (Transparent Reporting of a Multivariable Prediction Model for Individual Prognosis or Diagnosis) statement for reporting multivariable prediction model development and validation. The health research ethics boards of the Universities of Calgary, Alberta, and Sunnybrook Health Sciences Centre, Ontario, Canada, approved the study and granted waiver of participant consent.
Derivation and Validation Cohorts
We formed a derivation cohort using the Alberta Kidney Disease Network (AKDN) database, 11 a population-based repository that includes serum creatinine measurements from more than 1.8 million adults obtained from acute care and outpatient settings for all 3.5 million residents of the province, from April 1, 2004 , through March 31, 2014 . The database includes patient-level data from the provincial administrative health sources of Alberta Health. Patient comorbidities and procedures are characterized using the International Classification of Diseases, Ninth Revision, Clinical Modification (ICD-9-CM) diagnosis and the Canadian Classification of Procedures (CCP) and the ICD-10 diagnosis and the Canadian Classification of Heath Intervention (CCI) procedure codes. [12] [13] [14] We randomly selected two-thirds of the AKDN cohort to serve as a model derivation cohort and used the remaining third as an internal validation cohort. We formed the external validation cohort from Southwestern Ontario using data from the Institute of Clinical Evaluative Sciences Kidney, Dialysis and Transplantation (ICES KDT) Program. These data include laboratory information from more than 74 000 patients from 2 regional laboratory providers (Cerner and Gamma-Dynacare) in Southwestern Ontario (catchment population 2.5 million) from June 1, 2004 , through March 31, 2012 The laboratory data sets were linked with comprehensive provincial administrative data using unique encoded identifiers and analyzed at ICES. The ICD-9-CM-CPP and ICD-10-CCI coding approaches were used to characterize patient comorbidities and procedures. 16 
Study Population
We identified all adult residents 18 years of age or older who were hospitalized during the study enrollment period ( Figure 1 ). Eligible participants required at least 1 outpatient estimated glomerular filtration rate (eGFR) value between 7 and 365 days prior to hospitalization to establish baseline kidney function (outpatient serum creatinine tests in this period generally reflect stable values). 17 We restricted the cohorts to those hospitalized with acute kidney injury (based on an increase in serum creatinine during hospitalization >0.3 mg/dL or >50% of their prehospitalization baseline), 4 a baseline eGFR higher than 45 mL/min/1.73 m 2 , and at least 2 outpatient serum creatinine measurements separated by a minimum of 3 months with the first between 30 days and 1 year after the hospital discharge date. This required that patients survived more than a month after hospital charge and had sufficient follow-up information to ascertain development of advanced chronic kidney disease, and reflected a pragmatic approach that recognizes that organizing chronic kidney disease care is not needed when patients do not survive long enough to develop advanced chronic kidney disease. We excluded people treated with chronic dialysis or who had had a kidney transplant prior to or during the index hospitalization, identified by a validated approach using physician billing claims for a continuous period of 90 days of dialysis in provincial administrative databases or registration for chronic dialysis or kidney transplant with the Canadian Organ Replacement Registry.
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Study Outcome
The outcome of the study was progression to advanced chronic kidney disease, defined as a sustained outpatient eGFR value of less than 30 mL/min/1.73 m 2 (estimated based on age, sex, and serum creatinine levels using the Chronic Kidney Disease Epidemiology Collaboration equation 19 ) identified between 30 days to 1 year after hospital discharge or initiation of chronic dialysis up to 1 year after hospital discharge. This stage of chronic kidney disease is associated with a high risk of adverse outcomes 20, 21 and is accompanied by guideline recommendations and performance indicators for referral to a nephrologist. [22] [23] [24] [25] We required a minimum of 2 outpatient measurements of eGFR lower than 30 mL/min/1.73 m 2 separated by at least 3 months, including an average of all outpatient eGFR measurements within this period of less than 30 mL/min/1.73 m 2 to satisfy the definition of this outcome to align with current consensus criteria for chronic kidney disease.
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Candidate Predictor Variables
We identified candidate predictor variables for potential inclusion in our models from a review of the literature and identified potential predictor variables available prior to and during the index hospitalization with acute kidney injury. [1] [2] [3] [4] Baseline kidney function was determined from the most recent outpatient serum creatinine measurement made 7 to 365 days prior to the index hospitalization. 17 Albuminuria was characterized by urine albumin:creatinine ratio (ACR) or dipstick using random spot urine measurements during the index admission or for up to 6 months prior to admission. We used urine ACR measurements preferentially, with urine dipstick measurements added for patients without ACR measurements in the derivation cohort. We defined albuminuria categories as normal (ACR, <30 mg/g or urine-dipstick negative), mild (ACR, 30-300 mg/g or urine dipstick trace or 1+), or heavy (ACR, >300 mg/g or urine dipstick positive ≥2+) and characterized patients with multiple tests using the median of multiple measurements, recognizing that albuminuria can be transient. 26 Absence of a result for albuminuria was included as a separate category. We categorized the severity of acute kidney injury according to 3 categories of the Kidney Disease, Improving Global Outcomes (KDIGO) staging system based on the highest serum creatinine value identified during hospitalization or requirement for dialysis during the index hospitalization. 4, 27 We identified the extent of kidney function recovery at the time of hospital discharge based on the last inpatient serum creatinine value measured before hospital discharge. 2, 28 Comorbidities and procedures were identified from hospital discharge records and physician claims using validated ICD-9-CM and ICD-10 coding algorithms [12] [13] [14] 18, 29 (eTable 1 in Supplement 1).
Model Derivation
Candidate variables from the derivation cohort were included as potential covariates in multivariable logistic regression models. Stepwise backward variable selection with a significance level of .05 for variable retention was used in 1000 bootstrapped samples of the same size as the derivation sample, to develop a parsimonious predictor model while minimizing overfitting. 30, 31 Variables selected in at least 70% of samples were included in the full multivariable model. We then fit a series of reduced models by sequentially removing variables and compared the full multivariable model with the simplified models. Reduced models were structured to include variables with greater ease of ascertainment at hospital discharge and to include removing variables requiring prehospitalization laboratory data.
To further support clinical use of the model, we created a simple integer risk index using the method described by Sullivan et al. 32 The performance of the risk index was determined based on modeling the logit of the total risk index for each participant.
Prediction Model Performance
The regression coefficients from the logistic regression models in the derivation sample were fixed. The fitted models were applied to both the internal and external validation cohorts. The overall goodness-of-fit of the models was compared based on Akaike Information Criteria. Model discrimination was compared based on the C statistic and integrated discrimination improvement (IDI). Model calibration was assessed by the calibration intercept, by the calibration slope, and graphically by locally weighted scatterplot smoothing (LOESS) plots of observed vs predicted probabilities of the outcome. 33, 34 The ability of models to reclassify patients into high-or low-risk categories was compared using the net reclassification index (NRI). 35, 36 Risk thresholds for the outcome were defined as less than 1.0%, 1.0% to less than 5.0%, 5.0% to less than 10.0%, 10.0% to less than 20.0%, and 20.0% or higher. Reclassification was also compared using the continuous NRI, which assesses reclassification across a continuous range of risk thresholds. A P value of .05 was considered statistically significant using 2-sided testing. Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc) and R (https://r-project.org).
Results
Characteristics of the Cohorts
A total of 14 958 participants were included in the derivation and internal validation cohorts (9973 in the derivation cohort and 4985 in the internal validation cohort) and 2761 in the external validation cohort (Figure 1 
Prediction of Advanced Chronic Kidney Disease in the Derivation Cohort
Six variables were associated with a higher risk of progression to advanced chronic kidney disease in bootstrapped samples of the derivation cohort: older age, female sex, higher baseline serum creatinine values, albuminuria, greater acute kidney injury severity, and higher discharge serum creatinine values ( Table 2 ; eTable 2 in Supplement 1). The 6-variable model (model 1) had the highest C statistic (0.86; 95% CI, 0.84-0.89) and lowest Akaike Information Criterion (1967.0). Based on the predicted risk using model 1, 5228 patients (52.4%) in the derivation cohort had less than 1%; 3512 (35.2%), 1% to less than 5%; 626 (6.2%), 5% to less than 10%; 360 (3.6%), 10% to less than 20%; and 247 (2.5%), 20% or more risk of developing chronic kidney disease (eTable 3 in Supplement 1). Discrimination (based on the C statistic and integrated discrimination improvement [IDI]) was lower in reduced models without inclusion of albuminuria, discharge serum creatinine values, and baseline serum creatinine values. The lowest C statistic was observed for model 5, which included age, sex, and acute kidney injury stage only (C statistic, 0.71; 95% CI, 0.67-0.74).
Prediction Model Performance in the Internal Validation Cohort
In the internal validation cohort, the 6-variable model remained well calibrated (eFigure 1 in Supplement 1) and also had a higher C statistic (0.87; 95% CI, 0.84-0.90) than did the models with fewer variables (Table 3 ;eTable4inSupplement 1). The IDI, continuous NRI, and categorical NRI favored the 6-variable model compared with the reduced-variable models. For example, significantly improved classification into risk categories was observed with the 6-variable model 1 compared with model 4-age, sex, and discharge serum creatinine values (categorical NRI, 16.6%; 95% CI, 7.7%-25.6%; P value <.001) and model 5-age, sex, and acute kidney injury stage (categorical NRI, 99.3%; 95% CI, 87.6%-110.9%; P value <.001). Model calibration and discrimination were similar for patients with baseline serum creatinine measurements taken within 3 months or taken more than 3 months prior to admission and with baseline eGFR greater than vs less than 60 mL/min/1.73 m 2 (eTable 5 in Supplement 1), as well as for patients excluded from the derivation and validation cohorts due to absence of outpatient serum creatinine measurements prior to index hospitalization (eTable 6 in Supplement 1).
The integer-based risk index developed from the 6-variable model ( Figure 2 ) showed similar discrimination in the internal validation cohort (C statistic, 0.87; 95% CI, 0.83-0.91) to that of the logistic regression model and also remained well calibrated (calibration intercept, −0.08; P value = .72; calibration slope, 1.02; P value = .98). Observed vs predicted risks from the integer-based risk index across the range of values of the risk index are shown in Figure 3A .
Prediction Model Performance in the External Validation Cohort
The 6-variable model remained well calibrated in the external validation cohort (eFigure 2 in Supplement 1) and had a C statistic of 0.81 (95% CI, 0.75-0.86). Discrimination and reclassification remained improved using the 6-variable model compared with simpler models-model 4, age, sex, and discharge serum creatinine or model 5, age, sex, and acute kidney injury stage (Table 3 ). The observed vs predicted risks applying the integer-based risk index in the external validation cohort is shown in Figure 3B .
Clinical Utility of the Prediction Model
The potential clinical utility of applying the 6-variable risk index to plan follow-up care, based on a range of predicted risk thresholds for advanced chronic kidney disease, is shown in eTable 7 in Supplement 1. The percentage of patients above the risk threshold for follow-up ranged from 48% to 2.6%, while positive predictive values ranged from 5.2% to 30.5% for corresponding risk thresholds of 1% or higher and 20% or higher, respectively. Negative predictive values were 98% or higher for each of the risk thresholds. a Of the 4985 patients in the internal validation cohort, 136 had advanced chronic kidney disease events, and of the 2761 patients in the external cohort, 62 patients had chronic kidney disease events.
b Models 2 through 5 were each compared with model 1. For model comparisons differences in the C statistic, IDI, and NRI, values greater than 0 indicate better performance for model 1 than the reduced models.
c Risk categories include patients with less than 1%, 1% to less than 5%, 5% to less than 10%, 10% to less than 20%, and 20% or higher risk of developing chronic kidney disease.
d Net reclassification improvement events refer to development of advanced chronic kidney disease, and NRI nonevents refer to no development of advanced chronic kidney disease. 
Discussion
A 6-variable model and corresponding risk index (including age, sex, baseline serum creatinine value, albuminuria, acute kidney injury severity, and discharge serum creatinine value) showed the best performance for predicting whether patients who had acute kidney injury during their hospital stay would later develop advanced chronic kidney disease in internal and external validation cohorts, with better performance than reduced models based on age, sex, and discharge serum creatinine alone or based on age, sex, or acute kidney injury severity alone. The predictor variables used in this model and risk index may be readily ascertained at the time of hospital discharge making it feasible for implementation within discharge planning processes to identify patients at high risk of developing advanced chronic kidney disease following hospitalization with acute kidney injury. Such risk stratification could help guide prognostic assessment and follow-up during transition to outpatient medical care, and inform resource allocation since advanced chronic kidney disease carries a high risk of complications, is accompanied by recommendations for assessment by nephrology specialists, and leads to high resource requirements to provide care. 7, 8, 22, 24 The predictor variables contained in these risk models have been previously associated with chronic kidney disease or endstage kidney disease following acute kidney injury. [1] [2] [3] [4] This work has integrated these variables into multivariable risk models and a practical risk index, so that these variables can be readily used to obtain individualized estimates of advanced chronic kidney disease for patients with acute kidney injury encountered in clinical practice. Model validation is an important aspect of developing clinical prediction models. There was no deterioration in model calibration upon evaluation in the internal validation cohort, indicating that the models were likely not overfit. An even more important aspect is external validation in a different population of patients before widespread model adoption and use. These models performed well in the geographically distinct Ontario cohort, despite some expected loss of discriminative performance (model 1 C statistic, 0.81; 95% CI, 0.75-0.86). Models are typically considered useful for clinical decision making when the C statistic is higher than 0.70 and strong when the C statistic exceeds 0.80, suggesting this model could support clinical decision making. 37 Furthermore, the net reclassification improvement of the full model compared with 
+______________
Acute kidney injury stage 1 is defined by serum creatinine (SCr) increase of 0.3 mg/dL or more or 1.5 to 1.9 times the baseline within index hospitalization; stage 2, serum creatinine increase of between 2.0 and 2.9 times baseline within index hospitalization; stage 3, serum creatinine increase of 3.0 mg/g or more times baseline or 4.0 mg/dL or more within index hospitalization. Normal albuminuria is indicated by an albumin:creatinine ratio (ACR) of 30 or less or a dipstick negative urinalysis protein; mild, ACR of 30 mg/g to 300 mg/g or dipstick positive urinalysis protein trace or 1+; heavy, ACR of more than 300 mg/g or dipstick positive urinalysis protein of 2+ or more. To convert urine ACR to mg/mmol, multiply by 0.113.
Points assigned to values of each variable can be summed to obtain a patient's total risk score, which can be used to determine his/her corresponding predicted risk of developing advanced chronic kidney disease (Supplement 2). A smartphone app is available on Calculate by QxMD for iOS, Android, and Windows (free install at https://qxmd.com/getcalculate).
simpler models demonstrates that using this model could improve accuracy of decision making for follow-up compared with that based on fewer variables alone. Strengths of this study include that the model was developed in a large, population-representative cohort of adults hospitalized with acute kidney injury. The predictor variables in these risk models consist of readily available patient demographics and laboratory tests, which could allow them to be implemented into clinical practice using automated approaches within electronic medical record systems (an electronic risk calculator is available in Supplement 2). The models were validated in a distinct, external cohort.
Limitations
This study has several limitations. First, candidate variables were identified from secondary analysis of data, which does not include all potential risk factors for chronic kidney disease such as blood pressure, urine sediment, cause of acute kidney injury, and details of dialysis treatments. However, similar to this study, another risk prediction model for chronic kidney disease also found that clinical variables provided little improvement in model performance beyond kidney-related laboratory variables.
38 Second, if low-risk patients were systematically excluded from these cohorts due to lack of follow-up creatinine testing, then estimates from the resulting models could overestimate risk of advanced chronic kidney disease. However, the predicted risks of excluded patients were similar to those of included patients, suggesting that such bias is unlikely. Third, some participants did not have albuminuria measured, which may influence the performance of the models. However, models without albuminuria also performed well, suggesting that risk prediction for chronic kidney disease following acute kidney injury could still be achieved without albuminuria measurements. Fourth, models were derived and validated in cohorts from Canada, and generalizability to patients from other regions was not examined. This study may have implications for patients, clinicians, and policy makers. Studies from both Canada and the United States have demonstrated low rates of follow-up for chronic kidney disease care and poor clinical outcomes in individuals with chronic kidney disease after acute kidney injury. [5] [6] [7] [8] This may be because clinicians in the community are not aware of acute kidney injury episodes that occur during hospitalization, lack awareness of the prognostic implications of these events, or encounter barriers to timely access to chronic kidney disease care in the community. This highlights the common clinical challenge of providing continuity of care between the hospital and community. 7,9,39 These risk prediction models provide an accurate but simple strategy that could be used to stratify patients into clinically meaningful risk groups at the time of hospital discharge and guide further management in the community.
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Conclusions
A multivariable model using routine laboratory data was able to predict advanced chronic kidney disease following hospitalization with acute kidney injury. The utility of this model in clinical care requires further research. Role of the Funder/Sponsor: None of sponsors had a role in the design and conduct of the study; collection, management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and decision to submit the manuscript for publication.
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